The objective of this research is to investigate the pavement response of bridge approach without slab under impact load caused by vehicle bumping. The three-dimensional (3D) finite element models (FEM) of bridge approach without slab were developed to simulate the response under impact load. The influence of different parameters (step height, vehicle speed as well as axle load) on the pavement response were investigated. Results indicated that an obvious increase of pavement response was observed with the step height and axle load rising. On the contrary, the rise of vehicle speed led to the decrease of pavement response. In addition, the pavement under impact load exhibited larger response as compared to under static load.
INTRODUCTION
At present, the vehicle bumping is a universal problem which results in uncomfortable rides, dangerous driving conditions and frequent repairs (Cai et al. 2005 , Lenke et al. 2006) . Moreover, the impact load caused by vehicle bumping would accelerate the abrasion or damage of abutment, bearing and expansion joint of bridges (Daniel et al. 1990) .
Currently, the importance of vehicle-induced bridge vibrations at bridge approach has been recognized by a large number of researchers. To analyze the influence of impact load, considering the energy loss caused by impact load, Feng et al. deduced the impact load coefficient of bridge approach (Feng et al. 2004 ). Xiang et al. built a finite element model of bridge approach with slabs at different depths and analyzed the dynamic responses of bridge approach (Xiang et al. 2010) . Szurgott et al. assessed the actual dynamic interaction between vehicle and bridge approach as well as dynamic load allowance factors for the selected bridge based on the experimental data from experimental testing of three permit vehicles (Szurgott et al. 2011). Zhang et al. used the vehicle model of three-degree-of-freedom to investigate the man-vehicle-road interactive system based on the Laplace transform (Zhang et al. 2007) . Actually the pavement response of bridge approach was also influenced by different parameters of vehicle and model. However, the effect of different parameters on the dynamic response of bridge approach has not been investigated. The current lack of thorough understanding and mechanic characterization of pavement structure at bridge approach is probably the greatest deficiency in our ability to properly evaluate the effect of impact load for asphalt pavements at bridge approach.
In this study, the 3D FEM of bridge approach without slab were developed to simulate the response under impact load. The influence of different parameters on the pavement response was investigated. In addition, the comparison of pavement response between impact load and static load was discussed.
MODELS AND PARAMETERS
For the convenience, the road surface course was simplified into one layer in the FEM. According to the engineering experience and specification values, the parameters of the road structure are shown in Table 1 . In this study, the roughness model was simplified to slab staggering with the angle of 90° between abutment and approach road. The road surface size of 8m×3.5 was constructed for the symmetry in the transverse, whereas the size of abutment was 2m×3.5m. The gradient of slope protection is 1:1.5. A three-dimensional (3D) FEM is shown in Fig. 1 . The cloud plot of vertical deformation after loading is shown in Fig. 2 . In the FEM, the bottom of soil base was fully constrained. The settlement of the abutment was extremely small comparing to the pavement. Therefore, the bottom of abutment was also fully constrained. The profile of the FEM was constrained with the direction of pointed to the inside. Considering of instantaneity of the load at the bridge approach, the impact load was introduced as the model of dynamic load.
RESULTS AND ANALYSIS

Factors influencing pavement response
Step height
In this study, the step height of 1cm, 3cm, 5cm and 7cm and the vehicle speed of 100km/h were chosen respectively. Subsequently, the pavement response of impact load at bridge approach was calculated in ANSYS, and the results are shown in Fig. 4 . Step height=1cm Step height=3cm
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(c) Compressive strain on top of subgrade Figure 3 . Effect of step height.
As seen from Fig. 3 , the rise of step height led to the increase of surface deflection, tensile stress of base's bottom and compressive strain on top of subgrade respectively. Particularly, an obvious increase of pavement response was observed with the step height rising from 1cm to 3cm. However, as the step height rose further, the stress and strain increased accordingly but the increase was slowing down. The surface deflection and compressive strain on the top of subgrade increased 24.82% and 17.6% respectively when the step height rose from 1cm to 7cm, while the tensile stress of base's bottom just increased 6.86%.
Vehicle speed
The vehicle with higher speed would have higher kinetic energy and cause serious damage of road. Meanwhile, faster the speed, shorter is the contact time between vehicle and road and less would be the damage of road. Therefore, it is necessary to investigate the pavement responses of bridge approach at different speeds. Four different vehicle speeds were chosen for this study: 60km/h, 80km/h, 100km/h and 120km/h. The results are shown in Fig. 4 .
It can be seen that the rise of vehicle speed led to the decrease of surface deflection, tensile stress of base's bottom and compressive strain on top of subgrade for 33.5%, 19.19% and 12.63% respectively. 
Axle load
In China, the phenomenon of overload is quite seriously. It is necessary to study the influence of overload on the pavement response. A series of axle loads ranging from 60 to 150kN(in 20kN increment) was included in this investigation. The results are shown in Fig. 5 .
It can be seen that the surface deflection, tensile stress of base's bottom and compressive strain on top of subgrade developed rapidly with the increase of the axle load. Moreover, they all increased by 50% with the rise of axle load from 60kN to 80kN. Therefore, the overload should be prohibited as far as possible. 
Comparison of static load and impact load
Based on the calculation, the pavement responses of static load and impact load at different speeds and different step heights are shown in Table 2 .
It can be seen from Table 2 that surface deflection, tensile stress of base's bottom and compressive strain on top of subgrade under impact load were all larger than those under static load. It should be noted that the static response of pavement were almost constant at different speeds and different step heights. Therefore, the design index based on static response can not reflect the real condition. In order to consider the influence of impact load, correction coefficients of surface deflection, tensile stress of base's bottom and compressive strain on top of subgrade should be proposed based on the calculated results in Table 2 . 
CONCLUSIONS
This study investigated the dynamic response of pavement at bridge approach without slab under impact load caused by vehicle bumping. Based on the 3D FEM in the ANSYS, the influence of different parameters (step height, vehicle speed as well as axle load) on the pavement response were analyzed. The results indicate that an obvious increase of pavement response was observed with the step height and axle load rising. On the contrary, the rise of vehicle speed led to the decrease of pavement response. In addition, the comparison of pavement response between static load and impact load shows that the surface deflection, tensile stress of base's bottom and compressive strain on top of subgrade under impact load were all larger than under static load. Therefore, the phenomenon that static load was considered only in the traditional pavement structure is defective.
